Quantitative reverse transcription PCR (qRT-PCR) has become the standard technique for the 14 expression analysis of a set of chosen genes of interest. The accuracy and reliability of qRT-15 PCR measurements strongly depends on the normalization with appropriate endogenous 16 reference genes. In this study a set of candidate reference genes for the use in gene expression 17 studies of a basidiomycete fungus, Suillus luteus, exposed to toxic concentrations of zinc or 18 cadmium was identified, evaluated and validated. Seven candidate genes were selected from 19 cDNA-AFLP as stably expressed and the algorithms geNorm and Normfinder were used to 20 evaluate these genes alongside the traditionally used housekeeping genes (actin, tubulin) in 21 different S. luteus isolates. The use of several S. luteus isolates revealed that each isolate has 22 its own most stably expressed set of reference genes, regardless of the metal treatments, in 
Introduction 35
Gene expression studies have become indispensable in elucidating fungal development or 36 response to environmental changes (e.g. Plett et al., 2012; Doré et al., 2015; Henke et al., 37 2016; Hlozkova et al., 2016) . Expression patterns are a reflection of immediate cellular 38 responses and provide a stepping stone to the identification of the biochemical pathways 39 involved. For expression profiling of a limited selection of genes, quantitative reverse 40 transcription PCR (qRT-PCR), with its high sensitivity and specificity, is the technique of 41 choice over more conventional methods (e.g. Northern blotting; Bustin, 2002) . However, 42
qRT-PCR expression profiles are only meaningful when they are corrected for technical 43 variability and for differences in overall transcriptional activity between different 44 developmental stages, treatments, individuals, ecotypes and species. Technical variability can 45 be estimated by measurement of an external spike of commercially available mRNA. 46
Differences in transcriptional activity can partly be estimated by total RNA level. Endogenous 47
Objectives of the current study are dual. Firstly, the study was designed to identify reliable 85 reference genes for the normalization of gene expression data of three S. luteus genotypes 86
showing a contrasting metal sensitivity and to evaluate to which extent the results of this pilot 87 experiment could be used in a broader experimental context including multiple S. luteus 88 genotypes. Secondly, with this study we want to stress the importance of proper normalization 89 of gene expression data derived from natural populations of fungi and provide an example or 90 guide to set up a qRT-PCR experiment with reliable reference genes, including reference gene 91 selection, with a minimal effort of time and resources. 92 calculated using the standard curve which takes into account primer efficiency (E). If E 143 approximates two (100%) and is comparable for different isolates the formula 2 -∆Cq may be 144 used to calculate expression values. Before input into geNorm (Vandesompele et al., 2002) or 145
NormFinder (Andersen et al., 2004) data were expressed relative to the sample with the 146 highest expression level. 147
Expression of two genes of interest, a heat shock protein (HSP70, GR976103) and a Mn-148 superoxide dismutase (Mn-SOD, AM085202), was measured by qRT-PCR as described above 149 in a sub-set of samples. The HSP70 was studied after Cd exposure in a Cd-tolerant (Lm2) and 150 sensitive (P4) isolate; the Mn-SOD after Zn exposure in a Zn-tolerant (Lm8) and sensitive 151 (P4) isolate. The products of these genes are involved in general stress response and their 152 gene expression is expected to change upon Cd (HSP70) or Zn (Mn-SOD) treatment, at least 153 for some S. luteus isolates. Primer sequences were taken from Ruytinx et al. (HSP70, 2011) 154 and Muller et al. (Mn-SOD, 2007) . Calculation of expression levels was done using the 155 formula 2 -∆Cq . The data were normalized in five different ways; using (a) geNorm output, (b) 156
Normfinder output, (c) actin, (d) tubulin and (e) the most stably expressed reference gene 157 only. A normalization factor (NF) for each sample was calculated as the geometric mean of 158 the expression value of the respective reference genes. Expression levels were rescaled 159 relatively to the control (no metal treatment, sensitive S. luteus isolate). Statistical analysis 160 was done using the non-parametric Kruskall-Wallis test. 161
Finally, the stability of the reference genes defined as most stable by the pilot experiment was 162 assessed in an expanded group of S. luteus isolates to assess the value of the obtained results 163 in a broader experimental context. Gene expression was measured in seven Zn-tolerant and 164 seven Zn-sensitive isolates after 48h exposure to 200 or 1000 µM Zn and in control condition. 165
Expresssion levels were expressed relatively to the sample with the highest expression using 166 the formula 2 -(ΔCq) with ΔCq = Cq sample -Cq minimal . Five biological replicates were included for 167 each isolate and condition. Reference gene stability was assessed using geNorm. Initially, the 168 three genes identified as most stable by the pilot experiment assessing stability in the same 169 conditions for two contrasting isolates Lm8 and P4 (i.e. TUB1, AM085168 and AM085296) 170 were analysed. Additional reference genes were added one by one, in order of their ranking in 171 the pilot experiment, until stability criterion was reached. 172
Specificity, efficiency and expression levels 174
The specificity of each primer pair was assessed by the melting curve assay following the 175 PCR. The presence of a single peak in the melting curve analysis was confirmed for all primer 176 pairs with the exception of GR975706. This primer pair generated two peaks in the melting 177 curve analysis of some samples and one primer dimer peak in the "no template control". 178
Because of primer dimers GR975706 was excluded from further analysis. 179
A fourfold dilution series of a pooled sample of each isolate was used to prepare a standard 180 curve from which primer efficiency was calculated using the formula E = 10 -1/SLOPE . All 181 primer pairs except one resulted in a sufficient amplification ( when analysing sample sub-sets (Cd exposure for Cd-tolerant and Cd-sensitive isolate, Fig. 192 1c; Zn exposure for Zn-tolerant and Zn-sensitive isolate, Fig. 1b ) a considerable variability in 193 range of Cq value was observed for the 7 genes. The smallest range was measured for 194 GR975621 in the Cd sub-set ( Fig. 1c) and for AM085296 in the Zn sub-set (Fig. 1b) When considering the whole data-set, no combination of candidate reference genes had an M 205 value below 1.5 ( Fig. 2a ; Cd+Zn) and therefore none of them fulfils the criterion for high 206 expression stability (M<1.5) proposed by Vandesompele et al. (2002) . Exclusion of one of the 207 two metal treatments does not affect M values and the ranking is only subtly changed (Table  208 3). In contrast, exclusion of isolates from the data-set causes a decrease of M values (Fig.  209 2b+c) and the stability criterion is now reached for some reference gene combinations. 210
However, a comparative analysis of data-sets including only control conditions for different 211 combinations of isolates shows that M values are not depending on the number of isolates 212 included but rather on the combination of isolates (Fig. 2d) . When considering only Lm2 and 213
Lm8, M-value based on the 7 candidate reference genes even drops below 1.5 and therefore 214 all candidate reference genes seem to be expressed in a relatively stable manner. For all other 215 tested groups of isolates, whether they consist of three or two members, similar M-values 216 were found when comparing the same amount of remaining candidate reference genes. 217 Furthermore, ranking of the genes differed significantly depending on the isolate or isolate 218 combinations (Table 3) . GR975621 is consistently top-ranked in the isolates P4 and Lm2 219 whereas it is only ranked in fifth (Zn, Cd and Zn) or sixth (Zn) position for Lm8. On the other 220 hand ACT1 is the least stable gene in Lm8 and Lm2 whereas it is relatively stable in P4. 221 expression values of the n reference genes with the lowest M value. The optimal number of 223 reference genes required for accurate normalization was determined by calculating the 224 pairwise variation V n/n+1 between the two sequential normalization factors NF n and NF n+1 for 225 all samples (Fig.3) ; and measures the effect of adding further reference genes to the 226 normalization factor (Vandesompele et al., 2002) . Lowest V n/n+1 values are measured for V 5/6 227 in the Cd sample sub-set (P4 + Lm2; M values for 4, 5 or 6 remaining genes are all +/-1.8 ( Fig. 2) it is advisable to include the 6 234 most stable candidate reference genes to maximize robustness of the normalization. Inclusion 235 of a 7 th gene is not advisable because of the instability of this gene (V-value increases again 236 after reaching a minimum, and M value = +/-2.2). In accordance with the effect on the M 237 values, excluding isolates from the sample set reduces V n/n+1 values (lowest value for V 3/4 or 238 V 4/5 when considering single isolates) and the number of reference genes needed for accurate 239 normalization (Fig 3a +b) . Nevertheless as for M-values, the number of reference genes 240 needed for accurate normalization is not only depending on the number of isolates included 241 but also on the specific combination. Lowest V n/n+1 value for the combination Lm8 and Lm2 242 is V 6/7, whereas for the combination P4 and Lm8 V 5/6 is the lowest (Fig. 3c) . 243
Normfinder calculates a stability value (SV) for each candidate reference gene and ranks them 244 according to this value (low SV = high stability). The calculation is based on a statistical 245 model that also measures the variation between sample subgroups and provides an estimationof the systemic variation across subgroups. Table 4 shows SV and ranking for the 7 candidate 247 reference genes. geNorm and Normfinder provide almost the same ranking when analysing all 248 samples (P4, Lm8, Lm2; Cd and Zn). For the Cd sub-set (P4, Lm2) ranking is slightly 249 different but the top 4 of genes is the same. For the Zn sub-set (P4, Lm8), the two algorithms 250 result in a completely different ranking. The two most stable genes according to geNorm, 251 AM085168 and TUB1, are only placed in position 5 and 6 by Normfinder. For the control 252 sub-sets ranking by both algorithms is different (Table 3 and supplementary table 1) . 253
The use of minimum two reference genes is suggested by Normfinder. However, it is possible 254 to calculate a SV based on any number of reference genes as an accumulated standard 255 deviation (SD acc ; Andersen et al., 2004) . Indeed, the use of a gene overexpressed in one group 256 and underexpressed in another combined with a gene showing the opposite bias might be the 257 most stable option. Therefore, the combination of reference genes leading to the lowest SD acc 258 is recommended to calculate a normalization factor. For the Cd sub-set (P4-Lm2), lowest 259 SD acc was obtained when including the five most stable reference genes (Fig. 4a ). For the Zn 260 sub-set (P4-Lm8), the six most stable references are required to minimize SD acc (Fig. 4b) . 261 geNorm suggested exactly the same set of six reference genes for this data sub-set. Also for 262 the different control sub-sets the use of a high number of reference genes is recommended and 263 depends mainly on the isolates included (supplementary Fig. 1) . 264
When considering both algorithms together, the most stably expressed candidate reference 265 gene for both Zn (P4, Lm8) and Cd (P4, Lm2) sub-sets is GR975621 (Table 3, 
4). This gene 266
is placed in the first position by geNorm and Normfinder for the Cd sub-set and in the first 267 (Normfinder) and fourth (geNorm) position for the Zn sub-set. 268
Expression level of genes of interest 269
To show the effect of using NFs derived from different reference genes on expression data, 270 and to illustrate the need for accurate normalization, the expression level of two genes of 271 (b) Normfinder (5 or 6 top ranked genes for Cd or Zn sub-set respectively), (c) using the 273 traditional "housekeeping genes" ACT1 or (d) TUB1 and (e) using the single most stably 274 expressed candidate reference gene GR975621. A HSP70 was analysed for the Cd sub-set 275 (Fig. 5) , a Mn-SOD for the Zn sub-set (Fig. 6) . For both genes, gene expression patterns are 276 similar to each other after normalization according to geNorm and Normfinder. Since both 277 algorithms suggested the use of the same six reference genes for the Zn sub-set, exactly the 278 same significant increase compared to the control is demonstrated twice for the Mn-SOD in 279 the Zn sensitive S. luteus isolate after exposure to 200 µM Zn (Fig. 6a, b) . After exposure to 9 280 µM Cd a significant increase of HSP70 expression was shown for the Cd tolerant isolate (Figs 281 5a, b) . This increase in HSP70 expression was also detected after normalization to ACT1 ( reference genes results in significant differences in expression level between the two isolates 286 after exposure to 4.5 µM Cd and 9 µM Cd (Fig. 5a ) whereas normalization according to 287
Normfinder (Fig. 5b) does not result in significant differences in expression level for both 288 isolates. 289
Expanding the group of genotypes 290
Finally, the stability of the reference genes defined as most stable by the pilot experiment 291 (Table 3 , row 6) was assessed in an expanded group of S. luteus isolates exposed to Zn to 292 assess the value of the obtained results in a broader experimental context. TUB1, AM085168 293 and AM085296 were ranked by geNorm based on their stability value M and pairwise 294 variation V n/n+1 was calculated. M values were all below 1.5. The least stable gene in this 295 extended sample set was TUB1 with a V 2/3 of 0.523, failing the V n/n+1 <0.15 criteriongene determined next most stable gene in the pilot experiment (GR975621). Resulting M 298 values and ranking are presented in Fig. 7a . Again all M values were below 1.5. The lowest 299 V n/n+1 value for the 14 isolates and three experimental conditions (20, 200, 1000 µM Zn) was 300 V 2/3 which equaled 0.28 (Fig. 7b) . Again, the stability criterion as set by Vandesompele et al. 301 (2002) was not reached as V n/n+1 was above 0.15. However, the pilot study showed that when 302 studying different isolates, the variability may not allow the identification of genes with 303 V n/n+1 <0.15 even though low M values (<1.5) may be obtained. Here, we show that similar M 304 and V n/n+1 values as in the pilot study could be obtained in an experiment using an extended 305 set of isolates, in which GR975621, AM085168 and AM085296 were selected. Therefore, the 306 reference genes proposed in the pilot study could be useful in different experiments and genes 307 for normalization selected using geNorm analyses after measurement of all of these genes, or 308 starting with the three best and adding additional ones, until M values <1.5 are reached and 309 V n/n+1 is minimal. 310
Discussion 312
Whole genome expression data of S. luteus exposed to Zn (Muller et al., 2007) or Cd 313 (Ruytinx et al., 2011) were searched for equally expressed genes. Seven gene fragments 314 (TDFC, AM085296, AM085177, AM085168, GR975621, GR975706 and GR975713) out of 315 458 seemed to be steadily expressed and were selected for further analysis. Since the genome 316 of the studied organism became only recently available (Kohler et al., 2015) , researchers used 317 a genome-wide cDNA-AFLP expression analysis tool, which does not require prior sequence 318 information, and isolated fragments were sequenced afterwards. The sequenced gene 319 fragments are relatively short (100-500 bp) and therefore choice of optimal primer pairs for 320
qRT-PCR is limited. Without evaluation of a second primer set, GR975706 was excluded 321 from further analysis because of nonspecific amplification, and GR975713 because of 322 inefficient amplification due to its low expression level. The efficiency of the primer pairs 323 amplifying the five remaining genes and two "housekeeping" genes was considered sufficient. 324
For one primer pair, targeting AM085177, higher than optimal PCR efficiencies (> 2.15 or 325 115%; table 2) were obtained for two out of the three isolates. Using SYBR technology, 326 which is detecting all double stranded DNA, efficiencies exceeding 2.20 (120%) can be 327 obtained due to nonspecific amplification or primer-dimers (Lutfalla & Uze, 2006) . 328
Nevertheless, melt curve analysis confirmed the absence of additional PCR products or 329 primer-dimers for all isolates in our experiment. The difference in efficiency between the 330 different isolates might be caused by sequence variation in the primer region; the efficiency of 331 > 120% by allelic diversity. If the amplification efficiency of one allele equals 100% and the 332 amplification efficiency of a variant is less, overall efficiency will exceed 100% in dikaryotic 333 individuals which are heterozygous. High genetic diversity was reported previously for S. 334 luteus (Muller et al., 2007b; Ruytinx et al., 2011) . Therefore, we recommend to prefer most 335 conservative candidate reference genes and to exclude high polymorphic regions if enough 336 candidate reference genes are present. In metabarcoding studies primers are optimized by in 337 silico analysis to equally amplify the targeted sequence in all species present (Op De Beeck et 338 al., 2014; Waud et al., 2014) . Such an approach, redesigning primers with different 339 amplification efficiencies in different isolates, could result in efficiencies approximating 2 for 340 all isolates. However, a priori knowledge of the target sequence for all examined isolates is 341 required to optimize primers by in silico analysis. 342 Stability of the five remaining genes and two "housekeeping genes" was assessed by geNorm 343 and Normfinder algorithms. geNorm and Normfinder did not always produce identical results 344 for our data-set. Usually both algorithms rank the same genes at the highest and lowest 345 position except for the Zn and control sub-set ( reason to believe that the candidate reference genes we selected are co-regulated. These two 352 genes together were never top ranked in our analysis. Moreover, geNorm suggest the use of 353 more than 2 genes in our Zn and Cd data sub-set, which makes the normalization more robust. 354 V n/n+1 cut-off value (0.15) was never reached. Until now the V n/n+1 and M cut-off values 355 suggested by Vandesompele et al. (2002) appeared to be good threshold values for most data-356 sets (e.g. Guénin et al., 2009; Remans et al., 2008) . However, they seem to be inadequate 357 when studying natural populations with their high genetic variation. To ensure and maximize 358 robustness of normalization in case of a short fall of the suggested cut-off values we 359 recommend to strive for a minimal V n/n+1 value and for a NF including the maximal number 360 of reference genes without provoking a significant increase of M value. Also SD acc calculatedby the Normfinder algorithm suggest the use of a high number of reference genes for most of 362 our data sub-sets (Fig. 4) . 363
In our experimental design, gene expression might be influenced by metal treatment and 364 genotype. Elevated concentrations of Zn or Cd can act as a stress factor and induce a different 365 systemic and cellular response depending on the metal and the concentration applied (Bellion 366 et al., 2006 , Cuypers et al., 2011 ). Yet, the expression of the analysed candidate reference 367 genes seems to be little affected by the metal treatment in S. luteus. Excluding one of the 368 metals from analysis did, according to geNorm, not result in an increased stability or an 369 altered ranking of the genes (Fig. 2, Table 3) . 370 Different S. luteus isolates (i.e. genotypes) can respond differentially to metal exposure. Some 371 of them cannot tolerate elevated concentrations whereas others evolved an adaptive tolerance 372 for one or more metals (Colpaert et al., 2004) . In general, S. luteus shows a high intraspecific 373 variation (Ruytinx et al., 2011) . This intraspecific variation is retrieved in the expression of 374 the candidate reference genes. Exclusion of isolates from the stability analysis results in 375 decreased M-values and an altered ranking (Fig. 2, Table 3 ). Each isolate seems to have its 376 own top ranked gene set regardless the metal treatment. This is the most pronounced for Lm2 377 with the genes GR975621 and AM085177 consistently in position 1 and 2. The top ranked 378 genes might therefore also be suitable for the normalization of gene expression data in other 379 stress situations. 380
Identification and validation of accurate reference genes is both, time consuming and 381 expensive. Still, it is advisable to assess the usefulness of candidate reference genes in every 382 new experimental design (Guénin et al., 2009; Murphy & Bustin, 2009) . We clearly 383 demonstrate the benefit of this kind of reference gene validation by analysing the expression 384 profile of 2 genes of interest. Both gene products are known to be involved in alleviating 385 heavy metal stress (Hall, 2002) and were selected because of their responsiveness to Zn or Cdin S. luteus (Muller et al., 2007; Ruytinx et al., 2011) . The expression profile of the Mn-SOD 387 and the HSP70 altered as a consequence of the way of normalization (Figs. 5+6) . Generally, 388 normalization according to geNorm and Normfinder leads to comparable expression profiles 389 whereas normalization to a single gene (ACT1, TUB1 or GR975621) leads to different, 390 unreliable expression profiles. For the Mn-SOD, the wrong expression profile (normalization 391 to ACT1) even shows a statistically significant difference as a result of Zn exposure in the 392 isolate P4. An influence of metal treatment on ACT1 and TUB1 expression could be expected 393 since heavy metals were shown to act upon hyphal morphology and cytoskeletal components 394 (Pawlowska & Charvat, 2004; Tuszynska, 2006) . Also for other commonly used reference 395 genes (e.g. glyceraldehyde-phosphate-dehydrogenase (GAPDH), elongation factors (EF), etc.) 396 variations in expression upon heavy metal treatment were demonstrated previously (Muller et 397 al., 2007; Remans et al., 2008; Ruytinx et al., 2011) . In fact there is no single gene, whether 398
or not it is a housekeeping gene, which can correct for all possible variability. Even the most 399 stably expressed candidate reference gene is subjected to minimal variations in expression 400 level and can lead to erroneous conclusions when used for normalization of gene expression 401 data. In all organisms, normalization to a single non-validated gene can result in unreliable 402 conclusions (Garson et al., 2009) . 403
Significant differences in expression level among S. luteus isolates are found by 404 normalization according to geNorm for the HSP70 and Mn-SOD genes, differences that are 405 absent for HSP70 in Normfinder profiles. As long as the reference genes are not co-regulated 406 and inter-and intragroup variation are comparable we recommend normalization according to 407 geNorm. Normalization to six genes is more robust and reduces biological variability as 408
shown by reduced standard errors in our experiments. 409
The genome sequence of S. luteus recently became available and future RNAseq or micro-410 array data may uncover new, more stable reference genes. These new candidate reference 411 genes may be necessary to obtain reliable gene expression results in larger population studies 412 without the need to include an overwhelming amount of reference genes or to overcome a 413 shortage of suitable reference genes. Yet, the number of reference genes needed for accurate 414 and reliable normalization of qRT-PCR data is not directly depending on the amount of 415 isolates included but rather on the combination of isolates (Fig. 3c, Fig. 7 and supplementary 416 Fig. 1) . However, the need for a large number of reference genes may be inherent to gene 417 expression analysis in species showing high intraspecific variation in general, a condition 418 which might be expected in natural populations of fungi (Ellison et al., 2011; Johnson et al., 419 2012) . 420
Currently, normalization to external spikes is often used in gene expression studies of natural 421 populations because of a lack of suitable reference genes (e.g. MacNeal Rehrig et al., 2011) . 
